Establishing the tree volume table is an important aspect of forest inventory for managing the forest ecosystem. The traditional volume models used to build tree volume tables are time consuming and expensive, demanding huge labor and material resources. Aiming at the improvement of the current destructive, costly and time-consuming volume model, we propose a new non-destructive, low-cost and efficient method for calculating the tree volume model with high precision by using the electronic theodolite. For testing and comparing the accuracy of our model with the traditional model, we collected data of three main tree taxa including Platycladus orientalis (L.) Franco, Larix principis-rupprechtii Mayr and Populus spp. L. from different districts and counties of Beijing, China. We collected a total of 1750 tree samples (250 Platycladus orientalis, 300 Larix principis-rupprechtii, and 1200 Populus spp.) to establish our models; 721 pieces of accurate data (94 Platycladus orientalis, 149 Larix principis-rupprechtii, and 478 Populus spp.) were used as test samples, to evaluate the accuracy of the newly established volume models of three tree species (group). After that, the established volume models (unary/binary models) were compared and analyzed with the corresponding ministerial models for applicability and accuracy. The results showed that the difference between the data observed by the new method and the measurement data of parsing trees was not significant. The total relative error (TRE) and the mean system error (MSE) of the newly established unary/binary volume models were all within ±3%, satisfying the accuracy standard specified by the technical indicators. Compared with the ministerial models applied to the same data, our models' performance and accuracy were higher (close to the field measurements). Our results also showed that the accuracy of ministerial models was lower than the required standards. It is a promising methodology to use the electronic theodolite non-destructive observation method to establish tree volume tables in the future, especially in areas where cutting is prohibited or restricted and there is a lack of tree volume tables. In addition, this method has also shown a great potential of applicability in forest ecology and environmental protection.
Introduction
Forest resources inventory plays an important supporting role in understanding the status quo of forests, changing laws, formulating forestry management plans, promoting the development of a green national economy and improving the establishment of a healthy ecological environment [1, 2] .
Materials and Methods

Data Collection
Field surveys were carried out from February 2013 to December 2015 to collect the data. We selected three main tree taxa of Platycladus orientalis, Larix principis-rupprechtii and Populus spp. in Beijing of China, and a standard tree (trees that can represent the average volume size of a particular diameter classes) was selected as the experimental tree for cutting. The selection range included all districts and counties in Beijing (Figure 1 ). Based on the Beijing Landscape and Greening Resources Survey (2009) results, we determined the distribution of three tree taxa of Platycladus orientalis, Larix principis-rupprechtii and Populus spp. in Beijing, including their geographical location, topographic conditions and the corresponding number of trees. To ensure the versatility of the models, the sample trees were divided into 10 diameter groups at intervals of 6 cm, 10 cm, 12 cm, 16 cm, 20 cm, 24 cm, 28 cm, 32 cm and 36 cm. Based on the stratified random sampling, sample trees with different sites, different diameter classes and different tree heights were selected as standard trees in different districts and counties of Beijing. During the data collection, a total of 400 standard trees were cut down in all districts and counties of Beijing (Table 1) . Then, the height and volume of the selected 2177 trees (a total of 201 Platycladus orientalis, 296 Larix Principis-Rupprechtii trees and 1680 Populus spp. trees) were obtained. The unary/binary volume models of three main tree taxa were established and volume tables were prepared. To ensure the versatility of the models, the sample trees were divided into 10 diameter groups at intervals of 6 cm, 10 cm, 12 cm, 16 cm, 20 cm, 24 cm, 28 cm, 32 cm and 36 cm. Based on the stratified random sampling, sample trees with different sites, different diameter classes and different tree heights were selected as standard trees in different districts and counties of Beijing. During the data collection, a total of 400 standard trees were cut down in all districts and counties of Beijing (Table 1) . Then, the height and volume of the selected 2177 trees (a total of 201 Platycladus orientalis, 296 Larix Principis-Rupprechtii trees and 1680 Populus spp. trees) were obtained. The unary/binary volume models of three main tree taxa were established and volume tables were prepared. 
Measuring Principle and Method
The Southern Electronic Theodolite DT-02 (South Surveying & Mapping Instrument Co., Ltd., Guangzhou, China) (Figure 2) , having an automatic vertical compensator and system liquid electronic sensor bubble compensator, resolution of 3″, and magnification of 30 times, was used in 
The Southern Electronic Theodolite DT-02 (South Surveying & Mapping Instrument Co., Ltd., Guangzhou, China) (Figure 2 ), having an automatic vertical compensator and system liquid electronic sensor bubble compensator, resolution of 3", and magnification of 30 times, was used in this study. The instrument weighs 4.8 kg and can work continuously for more than 10 hours. In addition, the instrument needs to be equipped with a robust tripod (South Surveying & Mapping Instrument Co., Ltd., Guangzhou, China) (about 4-5 kg) for observation. The two-station observation method was used to accurately measure the standing timber [27] . Because the trunk section was not circular or approximate ellipse, the angle between the two observation points and the tree was guaranteed to be 90°. The measurement results take an average of the two observation points. The value makes the measurement result more accurate.
The specific measurement process is: 1. At the observation point No. 1, the electronic theodolite station was levelled, and the breast height of the target tree was manually calculated at 1.3 m. The DBH and the corresponding ground diameter D0 (generally the diameter of the trunk around 12 cm from the ground) were measured manually with the DBH diameter tape (Pacific brand, China, nominal precision ±1 mm). 2. Then the 1.3-meter zenith distance γ1 and the horizontal angle α1 from the 1.3 m position were observed respectively by using electronic theodolite. The horizontal distance S between the observation instrument and the target tree was calculated by means of the trigonometric function principle. 3. The zenith distance γn of the tree height was determined by aiming at the top position of the targeted tree using electronic theodolite. Then the tree trunks above the chest height were divided into n segments (usually 9 segments) according to the difference of zenith distance between the height at breast height and the top of the tree, so that the whole target tree was divided into 10 segments. 4. Observing the volume of No. 1 station, the observation sequence was from the breast height position (1.3 m) to the tree top position according to the sectional height ( Figure 3 ). The observation parameters included the zenith distance γ and the horizontal angle α, and the corresponding data were recorded. 5. Then, another station around the tree was selected, as point No. 2, and the steps of observation point No. 1 were re-exercised. The two-station observation method was used to accurately measure the standing timber [27] . Because the trunk section was not circular or approximate ellipse, the angle between the two observation points and the tree was guaranteed to be 90 • . The measurement results take an average of the two observation points. The value makes the measurement result more accurate.
The specific measurement process is:
1.
At the observation point No. 1, the electronic theodolite station was levelled, and the breast height of the target tree was manually calculated at 1.3 m. The DBH and the corresponding ground diameter D 0 (generally the diameter of the trunk around 12 cm from the ground) were measured manually with the DBH diameter tape (Pacific brand, China, nominal precision ±1 mm).
2.
Then the 1.3-meter zenith distance γ 1 and the horizontal angle α 1 from the 1.3 m position were observed respectively by using electronic theodolite. The horizontal distance S between the observation instrument and the target tree was calculated by means of the trigonometric function principle.
3.
The zenith distance γ n of the tree height was determined by aiming at the top position of the targeted tree using electronic theodolite. Then the tree trunks above the chest height were divided into n segments (usually 9 segments) according to the difference of zenith distance between the height at breast height and the top of the tree, so that the whole target tree was divided into 10 segments.
4.
Observing the volume of No. 1 station, the observation sequence was from the breast height position (1.3 m) to the tree top position according to the sectional height ( Figure 3 ). The observation parameters included the zenith distance γ and the horizontal angle α, and the corresponding data were recorded. 5.
Then, another station around the tree was selected, as point No. 2, and the steps of observation point No. 1 were re-exercised. The main principle was the non-destructive, automatic and accurate measurement of a standing tree trunk into several sections according to the characteristic shape by using an electronic theodolite. The trunk was segmented based on viewing conditions and trunk deformation, etc. (Figure 4 ). The average segment length was 0.5-3 m, and the whole trunk was divided into n segments. Regarding the top of the tree trunk as a cone, and the other segments as the truncated cones [28] , the trunk volume was calculated from the sum of the volume of the cone (equation 2) and the truncated cone (Equation 1).
The formula for calculating the volume of the truncated cone is:
where ( = 1, 2, … , − 1) is the volume of the truncated cone, π is the circumference, h is the height of the segmented truncated cone, is the cross-section diameter of the top surface of the truncated cone, is the cross-section diameter of the bottom surface of the truncated cone. The formula for calculating cone volume is:
where is the volume of the cone, hn-1 is the height of the cone (the length of the tree tip), and is the diameter of the bottom section of the cone (the diameter of the lowest section of the cone).
The total volume formula can be expressed as:
where V represents the total volume of the trunk and The main principle was the non-destructive, automatic and accurate measurement of a standing tree trunk into several sections according to the characteristic shape by using an electronic theodolite. The trunk was segmented based on viewing conditions and trunk deformation, etc. (Figure 4 ). The average segment length was 0.5-3 m, and the whole trunk was divided into n segments. Regarding the top of the tree trunk as a cone, and the other segments as the truncated cones [28] , the trunk volume was calculated from the sum of the volume of the cone (Equation (2)) and the truncated cone (Equation (1)). After field observation and data collection, we sorted out and analyzed the existing sample data. First, the sample trees were divided into 10 diameter groups according to the sample interval classification method (which needs to include the minimum and maximum diameter intervals), and the tree height range of each group was calculated. Then, we selected the sample trees based on the DBH change and the tree height-DBH ratio [29] . In each diameter group, three subgroups were formed according to the corresponding large, medium, and small tree height-DBH ratio. A minimum of 30 sample trees were selected for individual subgroup, and more than 150 sample trees data in each diameter group was used in the modeling [30, 31] .
Although we designed a rigorous observation scheme, using accurate measurement methods, there would inevitably be some errors or abnormal data in the collected sample data. The abnormal data have a great influence on the choice of the model and the precision of the final model, which may lead to the distortion of the objective law. In order to express the volume model more objectively, it was necessary to eliminate the abnormal data that deviates from most of the data distribution rules. 
where V i (i = 1, 2, . . . , n − 1) is the volume of the truncated cone, π is the circumference, h is the height of the segmented truncated cone, D U is the cross-section diameter of the top surface of the truncated cone, D D is the cross-section diameter of the bottom surface of the truncated cone. The formula for calculating cone volume is:
where V n is the volume of the cone, h n−1 is the height of the cone (the length of the tree tip), and D n−1 is the diameter of the bottom section of the cone (the diameter of the lowest section of the cone).
where V represents the total volume of the trunk and
After field observation and data collection, we sorted out and analyzed the existing sample data. First, the sample trees were divided into 10 diameter groups according to the sample interval classification method (which needs to include the minimum and maximum diameter intervals), and the tree height range of each group was calculated. Then, we selected the sample trees based on the DBH change and the tree height-DBH ratio [29] . In each diameter group, three subgroups were formed according to the corresponding large, medium, and small tree height-DBH ratio. A minimum of 30 sample trees were selected for individual subgroup, and more than 150 sample trees data in each diameter group was used in the modeling [30, 31] .
Although we designed a rigorous observation scheme, using accurate measurement methods, there would inevitably be some errors or abnormal data in the collected sample data. The abnormal data have a great influence on the choice of the model and the precision of the final model, which may lead to the distortion of the objective law. In order to express the volume model more objectively, it was necessary to eliminate the abnormal data that deviates from most of the data distribution rules.
In order to ensure the accuracy of the modeling data and avoid the deviation of sample representativeness caused by excessive rejection of abnormal data, we filtered out abnormal data based on scatterplot inspection, and also all data with values beyond three standard deviations from the mean. Any missing, wrong or mis-measured data were corrected, while the other obvious abnormal data are eliminated from further analysis. During the data cleaning process, a total of 106 groups of abnormal data were excluded, which included 10 groups of Platycladus orientalis, 7 groups of Larix principis-rupprechtii and 89 groups of Populus spp. Finally, 2471 groups of sample data of DBH-ground diameter (D)-tree height (H)-volume (V) were used in further modeling. Among the total, 250 modeling samples were Platycladus orientalis and 94 samples were tested; 300 modeling samples were Larix principis-rupprechtii, and 149 samples were tested; 1200 modeling samples were Populus spp. and 478 samples were tested. The statistical indicators of specific modeling samples are shown in Table 2 . After the modeling and processing the data, the unary and binary volume models of Platycladus orientalis, Larix principis-rupprechtii and Populus spp. were fitted by weighted least squares method to obtain the volume model of three tree species (group) [32] [33] [34] . 
Volume Model Evaluation Method
To validate volume models, we chose the following error metrics [35] : the coefficient of determination (R 2 ), the standard error of estimate (SEE), the total relative error (TRE), the mean systematic error (MSE), the mean prediction error (MPE) and the mean percent standard error (MPSE). The corresponding expressions are shown in formulas (4)-(9).
where y i andŷ i are the measured and predicted values of the i-th sample,ŷ i is the average of all the measured values, n is the total number of samples, p is the number of parameters, and t α is the t-value at the (n-p) confidence level α for the given number of degrees of freedom (usually taken α = 0.05). These six indicators are very critical parameters when evaluating the model fitting, among which TRE, MSE, MPE, MPSE are usually expressed in the form of percentages (%). When using inspection samples for testing, it is necessary to calculate the two indicators TRE and MSE. Under normal circumstances, the TRE of the test sample should be less than the average estimated error MPE of the model built. In addition, according to the "Main Technical Regulations for Forestry Professional Surveys" [11] , the systematic error of the timber volume table should not exceed ±3%. If both TRE and MSE do not exceed ±3%, the volume model is applicable then.
Results
Three Tree Species (Group) Volume Model Results
For each of the three-tree taxa investigated, two volume models (unary/binary) have been performed, using the weighted least squares method. Therefore, we have obtained new (Table 3) . 
New Volume Model Evaluation and Accuracy Analysis
In order to further evaluate the accuracy and applicability of the fitted volume model, the newly established binary/binary volume models of three tree taxa and the corresponding ministerial models were evaluated and analyzed with the analytical tree data obtained as the standard value. For the purpose, six basic evaluation indicators R 2 , SEE, TRE, MSE, MPE and MPSE were used, and the relevant parameters were summarized (Tables 4-6). After analysis, it is easy to draw the following conclusions:
1.
The coefficient of determinations of the models in the three evaluation tables are all above 0.95, indicating that the models have a very high explanatory power. 2.
In the aspect of model checking, TRE of three tree taxa were less than MPE, which was consistent with the law of model checking.
3.
According to the indices of TRE and MSE, the binary volume model of Populus spp. was superior to the other two species when compared among different tree taxa. Although the trunk types of the three taxa are relatively regular, the Populus spp. modeling samples are significantly more than the other two species, enough data is the premise to ensure the accuracy of modeling.
4.
Whether the newly established volume model or the ministerial model, binary models were more accurate than unary, which also indicated that the more relevant factors involved in modeling, the more accurate the model fitting, the higher the model accuracy.
5.
From the accuracy indices of all models, these indicators were all within 3%. According to the "Main Technical Regulations for Forestry Professional Surveys", if the error of the standing timber table was not more than ±3%, the newly established model was meeting the accuracy requirements. 6.
The accuracy indices of our newly established models were better than that of the ministerial models.
Comparative Analysis of New and Old Models
According to relevant regulations, the forest tables are supposed to be updated at least every 20 years. The ministerial volume models (unary/binary model) used in China were established in the 1970s. In order to verify the adaptability of the original ministerial standard model [37, 38] , the newly established unary volume model was compared with the corresponding ministerial volume model with the sample volume measured on site as the standard value ( Figure 5 ). We found that in the three-tree taxa of unary/binary volume model of the three-tree species (group) Platycladus orientalis, Larix principis-rupprechtii and Populus spp., the newly established volume models and the original ministerial model were consistent with the prediction trend of the sample tree volumes, and both had strong correlation with the standard value of the volume. Compared with the unary model of the two species of Platycladus orientalis and Larix principis-rupprechtii, there was a large deviation between the predicted value of Populus spp. and the standard value. This was because the Populus spp. species involved in the modeling contain Populus tomentosa Carr., Populus canadanensis Moench, and Populus davidiana Dode. It was understandable that such deviations occur in different varieties [39, 40] . From the overall trend of the scatter plot, the deviation of the volume prediction was larger as the DBH was larger. However, the predicted value of the newly established unary volume model was always closer to the standard value and had a better prediction effect. davidiana Dode. It was understandable that such deviations occur in different varieties [39, 40] Similarly, comparing the newly established binary volume model with the corresponding ministerial volume model (Figure 6 ), we found that the trend of change of three tree taxa of Platycladus orientalis, Larix principis-rupprechtii and Populus spp. was consistent. The prediction effect of the new binary volume models was better than that of the unary volume model. We analyzed the binary volume model from DBH and tree height indices and found that in the volume prediction model of three-tree taxa, tree volume had direct relationship with DBH and tree height, and DBH had stronger correlation with tree volume. Tree volume varies regularly with DBH and presents a chaotic trend with tree height. The prediction bias of tree volume increases with the increase of DBH and tree height, but the prediction effect of the new model is better than that of the ministerial model. Similarly, comparing the newly established binary volume model with the corresponding ministerial volume model (Figure 6 ), we found that the trend of change of three tree taxa of Platycladus orientalis, Larix principis-rupprechtii and Populus spp. was consistent. The prediction effect of the new binary volume models was better than that of the unary volume model. We analyzed the binary volume model from DBH and tree height indices and found that in the volume prediction model of three-tree taxa, tree volume had direct relationship with DBH and tree height, and DBH had stronger correlation with tree volume. Tree volume varies regularly with DBH and presents a chaotic trend with tree height. The prediction bias of tree volume increases with the increase of DBH and tree height, but the prediction effect of the new model is better than that of the ministerial model. (Table 7) . The evaluation method conforms to the normative method of model evaluation [11] . TRE and MSE of the six ministerial standard volume models were obviously biased, except for the MSE (−0.62%) of the binary ministerial model of Platycladus orientalis ( Table 7) . The remaining models have TRE and MSE exceeding the error margin of ±3%, which means that there are large deviations between the unary model of three taxa and the binary model of Larix principis-rupprechtii and Populus spp. The MSE of the binary model of the arborvitae model reflects the systematic nature of the model, and its TRE is also greater than 3%. Therefore, in terms of the overall accuracy of the model, the binary ministerial model of Platycladus orientalis also showed large deviations. Through the adaptive analysis of the six ministerial standard volume models, the original standard models of Platycladus orientalis, Larix principis-rupprechtii and Populus spp. in Beijing have obvious prediction errors, which are not applicable in the Beijing area, and the standing timber volume estimate requires unary/binary volume models of three tree taxa to be reorganized according to the latest standards.
Discussion
In recent years, the volume table application has increased due to the current attention to biomass and carbon storage [37, 41, 42] . Tree volume is an important basis for estimating biomass, carbon storage and other interest factors in forests [43] . In addition to the high precision mentioned in the above experimental results, this study has three significant advantages compared with the existing research results. The first environmentally friendly advantage is that our method is non-destructive. This method changes the traditional methods of cutting down trees, analytic segmentation, and manual measurement [44, 45] . The purpose of standing tree volume measurement can be achieved only by using instruments to observe the measured trees without destructive operations. Secondly, this method is cost effective and economical. The analytical work in the traditional method requires a lot of manpower and material resources, and the cost is very high. Later, due to the development of technology, various advanced equipment (spiegel relaskop, total stations, laser scanners, etc.) are continuously introduced into the calculation of tree volume [15, 16, 19, 20, 46, 47] . Although these technologies perform better than the traditional methods, they are difficult to operate costly and less accurate as compared to electronic theodolites. In addition, the photogrammetry and lidar technology need high-quality expensive digital cameras, three-dimensional laser scanners and softwares (Smart 3D, Pix 4D, Photoscan, Faro scene, Lidar360, Pointscene) [19, 20, [24] [25] [26] 48] . The third advantage of our method and model is its high efficiency and accuracy. In order to obtain the volume of trees, the traditional analytical work has been laborious, demanding a series of activities including clearing up the surrounding environment disturbance, cutting down the sample trees, removing the branches and leaves, measuring and segmenting the trunk, cutting the trunk disc, drying, analyzing and measuring, which usually takes days or even weeks. Even the advanced measurement methods such as photogrammetry and lidar usually take hours or sometimes days of data processing, especially in point cloud processing, and overall efficiency is low. On the other hand, our method can calculate standing tree volume only by measuring sets of data of trees to be measured with an electronic theodolite. Due to the measurement accuracy of this method being closely related to the trunk shape, in order to eliminate the result error caused by irregular trunk shape this method chooses two vertical positions of the trunk to observe twice, and takes the average value of the two results as the final measurement result. During the period, the total time of the two observations is about 25-30 min, which can save significant time in forestry internal and external industry investigation.
Of course, in practical deployment, this method also has certain limitations. In areas where high-density forests or trees are heavily shielded from each other, the visibility of instrument observations is disturbed, and the accuracy of tree trunk observation and volume measurement is affected. In this case, we can try to solve by adjusting the position of the observation site or the appropriate sparse tree occlusion.
Conclusions
This study proposed a non-destructive, efficient and highly precise measurement method for timber volume by using an electronic theodolite. The method was applied to estimate the timber volume of three-tree taxa of Platycladus orientalis, Larix principis-rupprechtii and Populus spp. taxa in comparison with the previously used ministerial models. The precision and accuracy of the new models were meeting the accuracy standards. Moreover, the accuracy indices of ministerial models of Platycladus orientalis, Larix principis-rupprechtii and Populus spp. in Beijing were worse than the accuracy requirement, indicating that they are no longer applicable to the estimation of timber volume in Beijing and needed to be reconstructed.
Presently, the proposed method also has certain limitations. For example, the effectiveness and accuracy of our method might be limited in high-density forests, as the visibility of instrument observations could be disturbed. In further studies this limitation could possibly be addressed by adjusting the position of the observation site or the appropriate sparse tree occlusion. The method is of a non-invasive and non-destructive form that could play a positive role in China's environmental protection and ecological construction. 
